20061 5fl IB IWffl 



NO. 8399 P. 3/13 




n 

X 

z 
o 

5 
5 



Q_CD 
— - o 
~ C 

O Z5 



second edition 




CD 

GO 



D 

CD 

O 

o 



JOEL R- FRIED 




20061 5fl IB 19»i03ft fflgm NO. 8399 P. 4/13 



or Science 



srs arc gener- 
.\8 mftd accocdr 

example, the 
mors descrip* 
f he*ametiry- 

1-3A). Simi- 
inewitha 10- 
jacamide) (see 

c of the more 
phosgene and 
jces the engi- 
.al-A is placed 
otymerized by 
aol-A. 

' (IUPAC) and 
ised nomencla- 
nfymg specific 
r the American 

id coordination 
Mature provides 
s (over 60,000 
natic or trivial. 

the maraifac- 
; . As examples, 
:ctrafluaroe&yl- 



jnark, Teflon™, 
two-, three-, and 
wrmosets, fibers, 
societies for the 
itions for a large 
Idy used As cx- 
C for polyvinyl 
Itioroethylene. A 
nd of this book. 



1(3 Moleoular Weight 



15 



Following IUPAC recommeiidations, copolymers are named by incorporating an itafi^ 
. , ^p^ective term between the names of monomers contained within parentheses or 
hrackets or between two or more polymer names. The connective term designates the type of 
copolymer (as mdicaied for six Important classes of copolymers in Table 1-5). 

Tabta1«5 Senator Naming Copolymers ' 



Connective Example 



Unspecified 


-co- 


Polytstyrene^-Onethyl meth&crylate)] 


Statistical* 


-stat- 


Poly(styrene-jtof-botadiene) 


Random 


•wn. 


Polyte&yleno-m^vinyl acetate)] 


.Alternating 


-ah- 


POryt*tyrciie^mftldc anhydride)] 


Block 


-block- 


Polyatyrene-fctocfc-polybntadiene 


Graft 


-grqft- 


Polyc^tadietie-in^-polyatyrene 
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1.3 Molecular Weight 



1.3.1 Molecular-Weight Distribution 

A typical synAerk polymer sample contains chains with a wide distribution of chain 
lengSTniis distribution is seldom symmetric and contains some molecules of very high 
molecular weight. A representative distribution is illnstraied in Figure 1-8. The exact breadth 
of the molecular^weipt distribution depends upon the specific conditions of polymerization 
as will be described in Chapter 2. For example, the polymerization of some olefins results in 
a mjolecuto-weight distribution mat is extremely broad, white it is possible to polymerize 
some polymers, such as polystyrene, with nearly mfiiwdisperse distn^utions material^ 
tory conditions, llieref ore, it is necessary to define an flvsrctf* molecular weight to character- 
ize an individual polymer sample as detailed in the following section. 

1.3.2 Molecular-Weftm Averages 

For a discrete distribution of molecular weights, an average molecular weight, Af , may be 
defined as 
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Chapter 1 Introduction to Polymer Science 




(U) 



where indicates the number of moles of molecules with a molecular weight of M ( and the 
parameter a is a weighting fector that defines a particular average of the molecule weight 
distribution. The weight, W b of molecules with molecular weight Af) Is then 



Molecular weights that are important in teermining polymer properties jre the number- 
average, M Q (a = 1)» the weight-average, (a -2), aud the ^-average, M z (a - 3), mo- 
lecular weights. 



Figure 1 -8 A typical distribution of molecular weights shown as a plot of the number 
* of moles of chains, N> having rndecular weight Afe.agairiatAf/. 

Since the inolecular-weight distribution of commercial polymers is normally a con- 
tinuous function, molecular-weight averages can be determined by integration if the proper 
mamanatical form of the molecular-weight distribution. (Le^ N as a function of Af) is 
known or can be estimated. Such mathematical forms include theoretical distribution func- 
tions derived on the basis of a statistical consideration of an idealized polymerization, such as 
the Fiery, Schultz, Tung, and Pearson -distributions, 4 (see Problem 1.3) and standard prob- 
ability functions, such as the Poisson and logaritrn^c-narmal distributions. 

It follows from eq. 1.1 that the numfca^veiage molecular weight for a disease distri- 
bution of molecular weights is given as 



(1.2) 



N 




M 
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where AT is the total number of molecular- wcsfehi species in the dfetribution. The expression 
for the number-average molecular weight of a continuous distribution function is 



9 £H<M 



(Ub) 



The respective relationships for the weight-average molecular weight of a discrete and a con- 
tinuous distribution are given by 





and 



(1.4a) 



(1.4b) 



to the case of high-molecolar-weight polymers, the nnmbep*veiage molecular weight is * 
rectty dettamined by membrane osmometry, while the weight-average molecular weight is 
determined by light scattering and other scatttring techniques as d^bedm Chapter 3. 

A measure of the breadth of the molecular-weight distribution is given by me_mrios of 
molecular-weight averages. Pot mis purpose, me most commonly used ratio is MjM v . 
which is caDed the potydtipersity index or POL 4 The PDfc of commercial polymers vary 
widely. For example, commercial grades of polystyrene with a Af a of over 100,000 have 
polydispersities indices between 2 and 5, while polyethylene synthesized in the presence of a 
stereospecific catalyst may have a PDI as high as 30/Iu contrast, the PDI of some vinyl 
polymers prepared by "Irving" polymerization (see Chapter 2) can be as low as 1.06. Such 
polymers with nearly monodisperse molecular-weight distributions are useful as molecular- 



• ^ B^tanoceee^atal^pol^n^^ pt^^ote&s and other poly*** whh v«y coatrollal 
atrnetma and nanew-inolfieolar.wdgiit dtonbusons (see Stetion 22.3). 
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Chapter 3 Conformation, Solutions, and Molecular Weight 



Free-volume contribution: 
1.145 



15.170^8)0-04081 



= 1.445 



1.1447(ai)-H.O9O6(0L9) 
M ' 15.17(1^)[0.04081(0.1)+ 0.04808(0.9)] " ' 



FV 



0.523 



Tbtei activity of benzene: 

lu^ ^-1-483+0302+0.528 = -0.653; ^ ^0.520 

These results show that the residual or entbalpic contribution to the activity is relatively 
small compared to the combinatorial contribution* This should be expected on me basis of 
the non-polar nature of pIB and benzene. As shown by a comparison of experimental activi- 
ties with calculated values in Figure 3-U, UNFAC-FV very accurately predicts the activity 
of benzene in PI due to the extensive parameterization of UN Lb AC for many compounds. 



3.3 MEASUREMENT OP MOLECULAR WEIGHT 



As discussed in Section 13, commercial synthetic polymers have broad distributions of mo- 
lecular weight, and it is therefore necessary to report an average molecular weight whenchar- 
acterizrag a sample. Item are three imrxntant molecahr-weight average$-Hmm^^ 
(M n X weight-average (M^ Absolute values of Af w ,aod M x can 

be obtained by the primary diaiacterizatiou methods of osmometry, scattering, and sedimen- 
tation, respectively. In addition to these accurate but fim^^nsnming techniques, there are a 
number of secondary methods by which average molecular weights can be determined pro- 
vided that polymer samples with narrow molecular-weight distributions are available for ref- 
erence and calibration. The most important of these secondary methods Is ^-permeation 
chromatography (OPC), sometimes called siie-exchision chromatography (SEC). This 
method is capable of determining the entire molecular- weight distribctto n of a polymer sam- 
ple from which all molecular-weight averages can be determined Another widely used secon- 
dary method is the denomination of intrinsic viscosity from which the viscosity-average mo- 
lecular weight can be determined. The viscosity-average molecular weight (M v ) normally 
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lies between Af n and M v . The principles behind both primary and secondary methods for 
molecular-weight determination are discussed next 

3.3.1 Osmometry 

Membrane Osmometry* The osmotic pressure, II, of a polymer solution may be ob- 
tained from the chemical potential, Aft, or equivalent from the. activity, a h of the solvent 
through the basic relationship 



4^ =RT\na l =-nvi 



(3.96) 



where Vi is the molar volume of the solvent Substitution of the Flory-Hnggins expression 
for solvent activity (eq. 334) into eq. 3.96 and subsequent rearrangement gives 



n-~ [ln(l-fc)+fc+Aa^ 2 ] a 



(3.97) 



Simplification of t£i$ relation can be achieved by expansion of the logarithmic term in a 
Taylor series (see Appendix E) and the substitution of polymer concentration, c, for volume 
fraction, ^ through the relationship 



02 = CV 



(3,98) 



where vis me specific volume of the polymer. Substitution and rearrangement give the ex- 
pressiOtt 



The classical van* t Hc# equation for the osmotic pressure of an ideal, dilute solution 



(3.99) 



c" M' 



0.100) 



may be seen as a special or limiting case of eq* 3*99 obtained when Xn c ^ and second- 
and higher-order terms in c can be neglected (i.e., for dilute solution). For high-molecular- 
weight polydisperse polymers, the impropriate molecular weight to use In eq. 3.99 is the 
number-average molecular weight Af 0 . Equation 339 can then be rearranged to give the 
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Chapter 3 Conformation, Solutions, and Molecular Weight 



In addition to determination of molecular weight, measurement of intrinsic viscosity 
can also be U$$d to estimate chain dimensions in solution. The mean-square end-to-end dis- 
tance is related to Intrinsic viscosity through the relationship 37 



(<*> 



(3.122) 



where $ is considered to be a universal constant * 2.1±0.2 x 10 11 dL mol' 1 cm' 3 ) known 
as the FlOry constant 

3.3.4 Gel-Permeation Chromatography 

One of the most widely used methods for the routine determination of molecular weight and 
molecular-weight distribution is gel-permeation chromatography (GPC), which employs the 
principle of size-exclusion chromatography (sometimes referred to as SEC) to separate sam- 
ples of poly disperse polymers into fractions of narrower molecular-weight distribution. Basic 
instrumentation for GPC analysis is shown in Figure 3-21. Several small-diameter columns, 
typically 30 to 50 cm in length, are packed with small, highly porous beads. These are usu- 
ally fabricated from polystyrene ^cros$Hnked with a small fraction of divinylbenzeue as a 
cornonomer) or the packing may be porous glass beads that are usually modified with an 
ether or dio! linkage, Pore diameters of the beads may range from 10 to 10* A, which ap- 
proximate ttxe dimensions of polymer molecules in solution. During GPC operation, pure 
prefxltered solvent is-continuously pumped through the columns at a constant flow rate, usu- 
ally 1 to 2 mL mhv 1 . Then, a small amount ( 1 to 5 mL) of a dilute polymer solution (<0 2 
g dL" 1 ) is injected by syringe into the solvent stream and carried through the columns. Poly- 
mer molecules can then diffuse from mis mobile phase into the stationary phase composed 
of solvent molecules occupying the pore volumes* Hie smallest polymer molecules are able 
to penetrate deeply into the interior of the bead pores, but the largest molecules may be 
completely excluded by the smaller pores or only partially penetrate the larger ones. As pure 
solvent ehites the columns after injection, the largest polymer molecules pass through and 
finally out of the packed columns. These are followed by the next largest molecules, then the 
next largest, and so on, until all the polymer molecules have been elated oat of the column 
in descending order of molecular weight. Total sample elution in high-resolution columns 
may require several hours* 
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Figure 3-21 Get-permearJon chromatography (QPC). (Harry AJloock and Frederick 
W. Lamps, Contempomry Polymer Chemistry, 2nd e&, ©1990, p. 396, 
Reprinted by permission of Prentice Hall, Englewood Cliffs, NJ.) 

The concentration of polymer molecules in each during fraction can be monitored by 
means of a polymei^ensitivc detector, such as an infrared or ultraviolet device. Usually, the 
detector is a differential refractometer, which can detect small dffaaces in refractive index 
between pure solvent and polymer solution. A signal from the detector is recorded (either by 
a chart recorder or digits rateis *KI(y.jK>- 

partional to the elution volume, V r . A representative GPC chromatograra for a wuonerdal 
polystyrene sample is shown in Figure 3*21 




Figure 3-22 GPC chromatograrh of polystyrene In tettahydrofuran at 2.0 ml rrdn\ 
Vertical marl® represent elution counts. The negative peak at high 
counts may be due to a low-rnotecuJar-welght impurities, such as stabi- 
lizer, water, or dissolved air (Adapted from Introduction to Physical 
Polymer Selene* L H. Sperling, Copyright & 986 John Wiley & Sorts, 
This material is used by permission of John Wiley & Sons, inc.) 
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Chapter 3 Conformation, Solutions, and Molecular Weight 



For a given polymer, solvent, temperature, pumping rate, and column packing and 
size, V t is related to molecular weight. The form of this relation can bo found only by com- 
paring elution volumes with those of known molecular weight and narrow molecular-weight 
distribution, under identical conditions, Usually, only polymer standards of polystyrene and 
few other polymers such as poly (methyl methacrylate) that can be prepared by anionic "liv- 
ing" polymerization (see Section 2.2.2) are available commercially for mis purpose. Such 
standards are available with molecular weights ranging from about 500 to over 2 million 
with polydispersities as low as U06. Since different polymer molecules in the same solvent 
can have different dimensions, cam must be exercised when using polystyrene standards to 
calibrate elation volumes of other polymers for which standards are not available* The most 
exact although demanding procedure is to use a universal calibration curve, as illustrated in 
Figure 3-23. 



1X10 50 




20 22 24 26 28 
Button Volume (counts, 5 mL) 
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Figure- 3-23 Universal QPC calibration curve showing dam points for polystyrene 
(V), pofy(vtny1 chloride) {▲), pctybutaalene (♦), and poly(methy) moth- 
acryieie) (•) standards In tetrahydrofumn. Line gives best lit of poly- 
styrene data." 

The universal calibration approach is based on the fact that the product [iflAf is propor- 
tional to the hydrodynamic volume of a polymer molecule in solution (see eq 3.122). This 
hydrodynamic volume is the effective molecular volume as seen by the pore sites. Universal 
calibration can be used If the Mark-Hbuwink constants (see eq. 3.117) are known for both 
the standard and unknown polymer samples in the same sol ven t and at the same temperature. 

In the calculation of molecular-weight averages, the signal strength <Le.» peak height 
in Figure 3-21) is proportional to Wj (eq 1.2). Once a proper calibration curve is available to 
relate V r to the molecular weight (AQ of the caHbration standard, direct calculation of all 
molecular weights— S^, M Wi M xt and even Af i+ i— and, therefore, po Jydispersi ties 
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(MjM n or 5?,/Af n ) is possible, typically by' commercially available software. Recently, 
on-line coupling of GPC with low-angle ll^scattering insmmemtetion (Section 332) has 
enabled rapid on-line computation of molecular weight without the need tor separation cali- 
bration of die ehation curve. 
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The definitive guide to polymer principles, 
properties, synthesis, and applications 

Polymer Science and Technology, Second Edition 
systematically 'reviews both ihe current state of polymer science 
and technology and emerging advances in the field* Leading 
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